Olek Zienkiewicz is internationally recognized as having been one of the leading developers of the Finite Element Method, a computer-based technique that has, since the 1960s, revolutionized design and analysis procedures in civil, mechanical, aerospace and other branches of engineering. Initially the formulation of the method followed a traditional structural engineering approach, but as the underlying mathematical basis became understood its application to other disciplines became possible. The methodology remains a flourishing research topic and its application has considerable potential in new scientific areas, including biomedical engineering and the life sciences.
dam analysis project. This was a gesture that Olek never forgot and may explain, in part, his willingness to spend so much time with young researchers throughout his career.
After the award of his PhD in 1945, Olek moved directly into engineering practice. With his appetite for dams having been whetted by his postgraduate work, he became attracted to the design and construction of these massive structures. He approached the consultancy firm of Sir William Halcrow and was offered a post leading a survey party on a dam project in Scotland. After salary negotiation culminating in the offer of £250 per annum, he was asked whether he could drive a car. 'Naturally', came the reply and he promptly went out and took the test, in those days, for a provisional licence. To the time of his death he did not take a test for a full driving licence. Olek spent four years with Halcrow, first with the survey task and then on the design and construction of the Glen Affric Hydroelectric System in northern Scotland.
In 1949 various opportunities for a change of direction came to Olek's attention and one that appealed to him, and that he accepted, was a lectureship in the Department of Engineering at Edinburgh. The department, headed by Ronald Arnold, was well known, especially in the field of applied dynamics. For advice on research avenues he went to Charles Jaeger, a noted authority in fluid mechanics, who suggested several topics in the field of hydraulics. Soon he was contributing research papers in a variety of topics, such as open channel waves, water hammer and lubrication phenomena. This was a period of ease in his academic career, steadily developing his teaching skills and honing his research techniques (figure 1). To add to this idyllic scene, he met a young graduate student from Canada, Helen Fleming, who was working towards an MSc degree in chemistry. They were soon engaged and were married in 1952. Their first son, Andrew, arrived in 1953, and son David was born a year later.
Towards the end of 1956, offers materialized for posts elsewhere. He eventually decided on accepting a position as Associate Professor of Civil Engineering at Northwestern University, Evanston, Illinois, facilitated by Pippard, who had spent some time there as a visitor. During his four years at Northwestern he developed lifelong friends such as John Dunders and Seng Lip Lee. Also, during this period their daughter, Krystyna, was born in 1958. Sadly, Olek's father passed away in this same year, aged 86 years.
In 1961 he began a new adventure that led to the activities for which he became world renowned. The chair of civil engineering became vacant at Swansea, as a result of the departure of B. G. Neal to Imperial College, and Olek was successful in the ensuing competition. Although the salary was substantially less than he was receiving at Northwestern, he relished the attraction of a professorship in the UK system at that time, in which it was possible to influence the work and professional development of many others. Moreover, it was a time of unprecedented expansion of higher education in the UK.
Shortly after Olek's arrival at Swansea, a young Chinese student walked into his office and sought advice about study for a PhD. The student possessed only Chinese credentials, and Olek accepted him on the basis of an extensive interview conducted on the spot. The student, Y. K. Cheung, was to work under Olek's guidance on the first finite element research at Swansea and to collaborate on the first edition of the now-classic treatise, The finite element method. From 1961 to the present, the Department of Civil Engineering at Swansea has achieved a reputation as one of the world's foremost centres of finite element research.
HIS WORK
Over his lifetime Olek published close to 600 papers. Clearly, not all of them can be summarized in this description of his work; only the most significant contributions that led to advances to the field of finite elements are cited here, and it has been further necessary to select only the most prominent paper within particular research areas.
From a chronological aspect, his published works are remarkable in terms of the rate at which they appeared. For a full nine years after the receipt of his PhD he produced only one paper (1)*, and that one derived from his thesis! In the next five years (1954-59) he wrote 10 papers, and then 11 in the next two years (1960-61). Beyond 1970, and well past his formal retirement in 1988, he produced on the order of 15 papers per year. 
Edinburgh and Northwestern University
During his years at Edinburgh he largely devoted himself to work on lubrication theory. An important outcome of this work is described in 1957 (2), in which a significant new theory of lubrication is advanced, demonstrating that lift can be obtained as a result of a temperature distribution across the film. Moving to Northwestern, he devoted himself principally to topics in solid mechanics. A striking, and indeed landmark, paper was published in 1959 (3), which combines linear programming and plastic design theory into a unified computer-oriented approach to the elastic design of beam and frame structures. A. Charnes, his co-author, was a major figure in the development of linear programming, and the paper describes a general approach to the problem, setting out, perhaps for the first time, the connection between duality in linear programming algorithms and duality in the formulation of the limit analysis problem. It is one of the earliest papers to use the new methodology of mathematical programming in structural mechanics.
Another series of papers from the Northwestern era deserving of particular attention are those written with R. W. Gerstner. The set of papers is concerned mainly with a general approach to elasticity problems (see, for example, (4)) in which exact and numerical solutions are combined, where the numerical solution is obtained as a correction to the exact solution.
Swansea: plate bending and non-structural problems
It should be recognized that when Olek and his colleagues began research into the finite element method at Swansea in 1961, the method was already a known technique. The mathematical foundations of the technique had been laid in the early decades of the twentieth century, with contributions by Ritz, Galerkin, Courant and others. Within the finite element community, the origins of the method are attributed to the contribution of Hrenikoff & McHenry (1941) , who, using engineering intuition, approximated the response of a plate by an equivalent framework system, and Courant (1943), who developed a more rigorous mathematical approach to the solution of a torsion problem by subdivision of the domain into triangular subregions. Progress from that time onward was slow, no doubt hampered by the lack of computing power, until the first recognizable finite element paper, by Turner, Clough, Martin & Topp, appeared in 1956. By the end of that decade a substantial body of literature had been accumulated and the term 'finite element' was coined by R. W. Clough, of the University of California at Berkeley, in 1960. It was against this background that Olek entered the finite element research arena. It should also be mentioned that it was at this time that J. H. Argyris (FRS 1986), of Imperial College and later the University of Stuttgart, embarked on finite element research; their careers ran in parallel for the next four decades, both contributing prominently to the field. To use Zienkiewicz's own words (39) to describe this scene:
My own introduction to finite elements dates back to 1958 when I first met Clough. With much of my earlier work being based on finite difference calculus (and relaxation methods-as an exmember of the Southwell team in the 1940s), I naturally contested at first the merits of the new method which seemed to concentrate on the solution of problems which by then we were fully capable of solving. However, in one area of structural analysis the merit of subdivision seemed obvious. That was the field of shell analysis where the difficulties of formulating differential equations in curvilinear coordinates and subsequently applying finite difference approximations could be easily sidestepped by considering a shell to be composed of a series of simple, flat, triangular elements. It was in this area of activity that I made my first start (1962) -not yet realising that the search for a good triangular element to represent plate flexure was to be fraught with difficulties. This problem also motivated the research of Ray Clough and with a friendly competition we arrived at our goal some three years later presenting a series of triangular plate and shell elements at the Wright-Patterson Conference of 1965.
The Wright-Patterson Conference held in Dayton, Ohio, in 1965 was a landmark in finite element analysis, and a paper (6) presented there, describing the first triangular plate bending elements, from the Swansea group contained a remarkable number of major new ideas. One was the use of area coordinates for integration over triangular regions. Another of the contributions in the paper was the notion of the patch test. The paper had described two finite elements, one of which was non-conforming. In a displacement finite element formulation, displacement continuity is assured across element boundaries, because of the description of the element displacement field in terms of (common) interfacial nodal displacements, but the interface element tractions are generally discontinuous because the element stresses are derived from the (approximated) displacement field on an individual element basis. Elements of this type are termed non-conforming. Such elements were not new in finite element analysis, but no one had attempted to establish criteria for their convergence. Bruce Irons, then working at Rolls Royce and co-author of the paper-and who was destined to become a colleague at Swansea-identified the conditions to be met in the choice of element approximation functions and, in the case that the condition of the inter-element conformity was not met, devised a simple test to be applied to a collection, or 'patch', of elements. The patch test has proven to be of fundamental importance in the finite element theory. It was also at this meeting that J. Tinsley Oden, a pioneer of the finite element method, made first contact with Olek (J. T. Oden, personal communication):
I first met Olek at the Dayton finite element meetings in the mid 1960s, which is where some say the finite element method, being born in the mid 1950s, reached its adolescence. There were a number of original and important works that formed the foundations of the subject that were presented there by engineers and scientists working in this new and exciting field. Of course, Olek was already known to many there because of his first textbook on finite elements, co-authored with Y. K. Cheung. Olek's intense interest and warmth was intriguing. We hit it off immediately and began a friendship that lasted until his passing some four decades later.
Work on the notion of the patch test continued over the years. In collaboration with Robert L. Taylor, he extended the procedure to mixed element formulations, in which both displacement and stress terms are considered as primary variables (47) and which was subsequently used to ensure convergence of some new element forms for plates (52, 53) .
It was during this period that the first industrial application of the finite element method, in Europe at least, took place in 1963, when Zienkiewicz and co-workers undertook the stress analysis of the Clywedog dam in mid-Wales. As can be seen from figure 2, which illustrates the dam and the finite element discretization employed, the mesh was extremely coarse by present-day standards; this reflected the limited computational power available at that time. Nevertheless, the analysis provided valuable insight to the behaviour of the dam and its foundation.
A paper that appeared in 1965 and was to have profound impact in later years was 'Finite elements in the solution of field problems' (7), co-authored with Y. K. Cheung. Up to this time the method had been restricted to structural mechanics problems, by expanding techniques for the analysis of frameworks into a method for the analysis of elastic continua. As such, the methodology relied heavily of the theorem of total potential energy. Zienkiewicz was able to perceive it as a more general tool for the analysis of all types of problems in mathematical physics that could be described in terms of a differential equation with given boundary and initial conditions. By employing weighted residual procedures, and in particular a Galerkin approach, computational solutions could be obtained for classes of problem in which a potential function cannot be easily derived. In particular, he identified the procedure as a scheme for solving Laplace's equation that governs the behaviour of ideal fluids and the torsion of prismatic sections. Olek and his colleagues soon amplified these ideas to deal with problems of heat transfer (15) and electromagnetics (32) .
Isoparametric representation
It is well established that isoparametric representation is fundamental to many modern aspects of finite element analysis. The essence of the idea originated in contributions by Ian Taig of the British Aircraft Corporation (a forerunner of British Aerospace) and Bruce Irons, then at Rolls Royce. Taig described a scheme for distorting the shape of a rectangular element to quadrilateral form in a contribution to the 1963 Swansea Symposium (8). Subsequently, Irons published a note in AIAA Journal that described, in generality, the approach as it is known today, and coined the term 'isoparametric'.
A contribution from Swansea (11) brought together the ideas put forward in the earlier contributions and formalized the procedure for general application. It was around this time that Thomas J. R. Hughes first saw Olek in person at a seminar at Massachusetts Institute of Technology (T. J. R. Hughes, personal communication):
There was a lot of excitement in the room because Olek was about to present the 'isoparametric concept', which ultimately revolutionised the subject, but the image that remains in my mind was he began the lecture with the picture of a man made out of finite elements. It got a big laugh. At the time it was so incongruous to think of a man made out of finite elements, but now it is a serious business. Who could have thought at that time we would be eventually using medical imaging data to build anatomically and physiologically realistic models of real people for simulating medical interventions?
This early picture, intended to convey the message that the study of finite elements should be an enjoyable pursuit, is reproduced in figure 3 .
Shell elements
The use of flat-plate finite elements for the analysis of curved shell structures, although satisfactory for some situations, has severe limitations in others. This became clear towards the end of the 1960s, motivating a widespread activity in the formulation of curved-shell finite elements. The obvious avenue towards this goal was through the established thin-shell theory. Zienkiewicz, however, had other ideas and had long expressed his interest in the analysis of shells by a simpler approach. In place of invoking the Love-Kirchhoff theory, he advocated dispensing with any shell theory and using instead general finite elements. The idea was rendered especially attractive on account of the emergence of the concept of isoparametric representation, which would facilitate the description of the curved geometry.
The first elaboration of the notion of degenerating solids to create shell elements appeared in 1968 (12) at the Second Conference on Matrix Methods in Structural Mechanics at WrightPatterson Air Force Base near Dayton, Ohio, and somewhat later in 1970 (16) . These papers set the stage for the exploration of avenues that were subsequently pursued by many authors. However, the behaviour of truly thin shells could not be replicated. The breakthrough in overcoming this situation came in 1971, when Zienkiewicz, R. L. Taylor and J. M. Too (17) identified the source of difficulty as being an unrealistic representation of transverse shear phenomena. The difficulty was resolved through the use of a reduced numerical integration quadrature in evaluating the shear contribution to the stiffness term, which was of a lower order than would be required for exact evaluation of this integral. This operation was termed 'reduced integration'. Bob Taylor describes the background to this work as follows (R. L. Taylor, personal communication):
In 1968 when travelling to the Second Conference on Matrix Methods in Structural Mechanics in Dayton, Ohio, I met Olek for the first time in person and I was pleased to be invited to Swansea for the academic year 1969-70. Fate stepped in that year to keep Olek near Swansea as he had an operation to adjust the alignment of his leg to ease difficulties in walking. During his postoperative recovery in Singleton Hospital and later at his home, we met regularly to discuss the possibility of solving shell problems using curved three-dimensional elements-often over a glass of whiskey, which unfortunately may have contributed to a blood clot in his leg that prolonged his recovery period. Working with Olek's doctoral student James Too, we did succeed in developing a successful shell formulation based on an isoparametric brick combined with shell approximations and reduced integration.
The reduced integration concept found application, in later years, in work in other aspects of the finite element method. A somewhat different direction in plate bending analysis was taken in 1978 (36) , in which the Reissner-Mindlin theory was adopted, which involved an independent description of the transverse displacement and the slope (rotation) fields. Again, the reduced integration concept is essential to the capturing of thin plate behaviour. By this time, however, the order of the integration to be employed could be related on a rational basis to the geometry of the element and the assumed approximating functions.
Material nonlinearity
In 1966 Olek and his colleagues turned their attention to inelastic analysis. Time-dependent problems were the first in the class of inelastic problems to attract Zienkiewicz's attention. In (9) . Then, with Watson and King (13) , he considered the general viscoelastic problem within the framework of finite element analysis.
There followed a major contribution (14) to the finite element analysis of time-independent inelastic problems. To be sure, contributions by others had preceded this paper, but this work brought together the characterization of material behaviour in terms of incremental theory and a new procedure for advancing along the load-displacement curve. Termed the 'initial stress' approach, it represented, at that time, a fundamental advancement in the computational modelling of inelastic problems.
Collaborations with two PhD students resulted in further developments in the field of inelastic analysis. Extensive studies in the modelling of plasticity problems were undertaken with G. C. Nayak (23). Three noteworthy contributions are the so-called 'alpha-constant stiffness' algorithm for the iterative solution of the algebraic equations arising in nonlinear finite element analysis (19) , a convenient form of the third invariant of the stress tensor suitable for yield surface computations (20) , and a review that unified the constitutive relations for elastoplastic finite element analysis (21) .
The other collaboration, with I. Cormeau, involved the concept of viscoplasticity. Olek had for a long while envisioned a scheme by which both time-dependent and time-independent inelastic phenomena could be handled by the same algorithmic structure. The first paper developing this approach appeared in 1972 (25) . A by-product of this effort was the identification of a rational criterion for the determination of the time-step size for instability in time-dependent nonlinear analyses. The viscoplastic approach later found extensive use in the analysis of extrusion and forming processes (26) and a range of geotechnical problems (28, 38).
At about this time the concept of an 'overlay model' was introduced for materials in which characterization of the constitutive response in terms of a single yield surface is inadequate. The overlay approach, in which a series of yield surfaces is introduced, was formulated by Zienkiewicz and co-workers (22, 32) .
Flow problems
The work in flow problems began in the 1965 paper with Cheung, as discussed above, and continued on to the treatment of seepage, electromagnetics and heat transfer. This set the stage for consideration of the more sophisticated problems involving convective terms and nonlinearities, such as viscous, incompressible flow described by the Navier-Stokes equations. Zienkiewicz's contributions to this latter topic began to appear in 1973, especially in 1974 in his introductory address to the First Symposium on Finite Elements in Flow Problems (29) .
However, substantial problems remained for the solution of practical problems. One such difficulty, which was already well recognized in the finite difference literature, related to the fact that in the momentum equations, written in terms of velocities, the convection terms are proportional to the first derivative, whereas the viscous term is proportional to the second derivative. The latter dominates at low values of the Reynolds number, whereas the reverse is true at high Reynolds number. There is numerical instability as one increases from low to high speeds, and to cope with this a technique known as 'upwinding' had been devised by finite difference researchers.
It was at first unclear how this process could be adapted to upwind weighting of the PetrovGalerkin kind in the context of the finite element approximation. After much effort, Olek was able to identify the proper approach, and after numerical experimentation and theoretical refinement, a procedure was described in 1977 in the paper with Heinrich et al. (33) permitting the solution of both simple convective problems and of the incompressible Navier-Stokes equations over a large range of Reynolds numbers. This development of upwinding in a finite element setting provided a general theoretical basis that had not previously existed.
However, this first step allowing the treatment of steady-state problems was not sufficient, because the use of the upwind Petrov-Galerkin procedure was not justified when source or transient terms existed. Here, a major step forward was taken by the introduction of a characteristic Galerkin process, making use of the wave propagation features of these together with the optimality of Galerkin methods for the self-adjoint, diffusion part of the problem. This led to a new family of algorithms (45) that permitted a wide and new range of problems to be solved. The algorithm produced, in which the characteristic 'search' is dealt with by a simple Taylor expansion, could be reinterpreted as a finite element version of the Lax-Wendroff method and also identified with the so-called Taylor-Galerkin method. The latter can deal with several characteristic velocities and thus allowed extension to problems of high-speed compressible gas flow to be made by the mid 1980s.
Another major difficulty in the numerical analysis of viscous incompressible flow problems arises on account of the constraint equations resulting from the incompressibility condition. Although there were conventional means of handling such constraint equations, for example through the use of Lagrange multipliers, a new and possibly more convenient approach to accommodating these constraints by means of a penalty method was used for the first time in 1974 in finite element fluid flow analysis by Godbole and Zienkiewicz (27) . Successful applications, refinements and extensions of the penalty approach were subsequently reported by Zienkiewicz and his colleagues for the plastic flow of metals, assumed stress formulation of the finite element method, heat transfer, shallow water equations, natural convection and viscous flow analysis.
Other contributions
The group at Swansea contributed to the finite element analysis of dynamic problems from its earliest years in the field, with such developments as the consistent mass matrix (5) and the work of Irons on condensation schemes. A generalization of the work in structural dynamics took place in 1973 (24), when Zienkiewicz demonstrated that certain of the existing timestepping algorithms could be obtained by the application of weighted residual methods to the equations of motion. In addition, some algorithms that had not previously been identified could be constructed in this way. This work is part of the more general notion of 'finite elements in time' (43). With W. L. Wood and R. L. Taylor (40) he showed that the weighting of independently interpolated displacement and velocity vectors, which is in correspondence with the well-known Newmark method under certain circumstances, allows the selection of time steps purely on the basis of structural response.
Geotechnical engineering was the focus of Olek's attention for much of his professional career. His earlier work in this area was restricted to rock mass problems, and his interest in soil mechanics began only in the 1970s. With D. J. Naylor (18) he adapted the popular, modern 'critical state' description of soil behaviour to finite element analysis. Except for cyclic load cases, this proved to be an effective model. Viscoplastic and more traditional inelastic constitutive relationships and finite element algorithms were applied (28), and with G. N. Pande (34) he explored several candidate forms of yield surfaces for both soil and rock mechanics. Liquefaction continued to concern him, and with co-workers he presented a new theory (41) .
Many of the problems related to wave action and geotechnical foundations involve boundary conditions at infinity. Zienkiewicz and his colleagues, most notably P. Bettess, created and applied families of 'infinite elements' (30, 37) to account for such conditions.
Zienkiewicz also contributed to many other areas of computational modelling, but space allows only a brief mention of some of the more interesting topics. Early in his career at Swansea he collaborated with B. Fraeijs de Veubeke in a treatment of plate bending formulations based on the complementary principle and assumed stress function fields (10) . Zienkiewicz and R. L. Taylor returned to this theme in 1979, when they presented a method based on assumed stress fields and used the penalty function approach to enforce essential constraint conditions. During the 1970s Olek was intrigued by the connection between the boundary integral and finite element methods. He presented comprehensive studies (35, 42) examining the relationship, and was able to place them under a unified framework.
THE LATER YEARS
He remained at Swansea until his retirement at the age of 67 years in 1988, and subsequently became Professor Emeritus of the University of Wales, as well as holding the UNESCO Chair of Numerical Methods in Engineering at the University of Technology of Catalunya, Barcelona, for 15 years. Although formally retired, he remained active in finite element research.
The 'holy grail' in the field of finite elements had been a search for a method of estimating the error in the computational solution-a difficult task, given that the exact solution to the problem is invariably unknown. This was for a long time a concern to Olek, and he first turned his attention to addressing the problem in 1983, a few years before his retirement. Work in this area had been undertaken by mathematicians, largely originated by I. Babuska, since the mid 1970s, which led Olek, in collaboration with Babuska, to develop procedures for practical problems, in the context of p-refinement, through the construction of an appropriate error measure (44) . Further progress took place over the next few years, culminating in the so-called 'Zienkiewicz-Zhu (Z 2 )', method (50, 51), which he principally developed with his PhD student J. Z. Zhu. This procedure represented the single most significant advancement in the control of error in finite element analysis; it is still widely used today. The method relies on using the difference between the smoothed and unsmoothed finite element solutions to construct a local error measure and then employing adaptive mesh refinement to equalize this error over the entire domain. Zienkiewicz's work on the topic continued into the 1990s with the publication of an improved error estimation procedure, termed the 'superconvergent patch recovery', which is based on the superconvergence properties of certain points within the finite elements (54) . It is worth noting that Olek was more than 70 years old when this work was completed, which is arguably one of his most important contributions to finite element research.
In the years leading to his formal retirement, a substantial portion of Olek's research moved into the field of computational fluid dynamics. Starting in 1983, with colleagues K. Morgan, R. Löhner and J. Peraire, finite element approaches were extended to the field of high-speed compressible flow, in which traditionally finite difference or finite volume approaches held sway. For the first time, this allowed high-speed flows, including supersonic behaviour, to be solved effectively with finite elements (46, 48) . In the practical problem of shock capture, the need for mesh adaptation employing automatic remeshing is paramount, and the develop-ments undertaken in error estimation and adaptive refinement mentioned above proved to be of crucial importance in this respect.
After retirement from Swansea in 1987, Olek spent two months each year at the International Centre for Numerical Methods in Engineering (CIMNE) at the Universitat Politècnica de Catalunya (UPC) in Barcelona, Spain, brought about by his close connection with Eugenio Oñate. Formerly Olek's PhD student, Oñate moved to UPC in Barcelona, where he subsequently founded CIMNE, a research centre specializing in the development and application of numerical methods in engineering. In 1989 Olek was appointed to the UNESCO Chair of Numerical Methods in Engineering at UPC. This was the very first UNESCO chair in the world, and it arose from interactions with G. S. Holister, who was working at UNESCO developing support to technology and engineering and who had previously been on the Civil Engineering staff at Swansea. The idea for such a position arose from the book Small world (Lodge 1984 ). In the book, professors of literature imagine a UNESCO chair that will allow them to retire into a world of continuous travel with no lecturing obligations at an extravagant salary. The award to Olek attracted interest worldwide and was taken as a model to create many other UNESCO chairs in different fields in universities around the world. Today there exist some 300 such UNESCO chairs.
Although Olek did continue to travel extensively for many years after his retirement, he devoted much of his UNESCO chair activities in Spain to working with colleagues at CIMNE on several topics. In the area of fluid mechanics, many of Olek's efforts were directed at developing a 'general fluid mechanics algorithm'. To this end, together with principally R. Codina, he developed a general algorithm for compressible and incompressible flows, termed the 'split, characteristic based' (CBS) scheme (55) . He refused to distinguish between finite element and finite volume approaches, believing them to be computationally very similar, but he preferred the finite element approximation in transient problems, for which he held the view that the correct 'mass matrices' generated add considerably to the accuracy vis-à-vis the lumped forms traditionally used by the 'difference' proponents.
Olek's other great passion over the remaining period of his life was the revision and extension of his finite element books.
THE BOOK
It would not be out of place to refer to his text on finite element analysis as simply 'The Book'. Surely, in no other field is there a reference that has had greater supremacy among competing texts. This dominance was established immediately on publication of the version published in 1967, which was written with the assistance of Y. K. Cheung. This text, numbering 272 pages, was translated into Japanese and Russian. The next version appeared four years later in 1971, was almost twice the length of the first version, and was translated into Japanese, Russian, Polish, French and German. Subsequent versions expanded in the size and scope of topics addressed, culminating with the sixth edition (57), which is a three-volume set written collaboratively with R. L. Taylor, J. Z. Zhu and P. Nithiarasu, covering basics and fundamentals, solid and structural mechanics, and fluid dynamics. This work is best described in the words of his principal co-author Robert L. Taylor (personal communication):
In the late 1990s we undertook a major revision of the FEM book with much of the revision completed while we both visited CIMNE for two months each year. The fifth edition was greatly expanded and divided into three volumes. Work on the revisions was carried out either at CIMNE or at the apartment of Olek and Helen at Sitges. The writing was hindered somewhat due to the deterioration of Olek's eyesight from macular degeneration. However, his ability to recall and formulate complex technical information from memory made the writing possible. Working together, we discussed sections for each volume, the modifications were formulated verbally, dictated to tape by Olek and later transcribed and edited to computer files for printing.
In 1968, Olek co-founded, with R. H. Gallagher, the International Journal for Numerical Methods in Engineering, which rapidly became the premier journal in the field of finite elements.
MEMORIAL
Over his long career in the field of computational modelling, Olek made numerous, and often simultaneous, contributions to disparate fields that included viscous flow analysis, geotechnical engineering, dynamics, forming processes, rock mechanics, inelastic material analysis, heat transfer, computational fluid dynamics, fluid-structure interaction and the mathematical fundamentals of the finite element method. Each of these fields is represented by a relatively large community of researchers and practitioners, and each of them could be excused for concluding, on the basis of the work accomplished, that Zienkiewicz had devoted himself exclusively to their domain for several years.
His accomplishments did not go unrecognized. Over his career, he was awarded more than 30 honorary degrees, including ones from Portugal, Ireland, Belgium, Norway, Sweden To those who are familiar with the work of Olek Zienkiewicz, he will surely be regarded as the major figure of the twentieth century in the numerical analysis of problems in engineering science. I hope that the foregoing describes a person of even greater dimensions.
I first met Olek Zienkiewicz in 1961 when he took up his position as Professor of Civil Engineering at Swansea, where I was an undergraduate student at the time. After graduating, Olek encouraged me to go abroad for postgraduate study and arranged a PhD position at Northwestern University. When I completing this degree in 1967, Olek persuaded me to take a position as a research fellow at Swansea. I was rapidly introduced to the finite element method and was seduced by the exciting research prospects in the area and the enthusiastic and refreshing manner in which Olek ran the department. Administrative tasks were kept to an absolute minimum, teaching duties were efficiently dispatched, and research was encouraged at every opportunity. Through the creation of the world-renowned Institute for Numerical Methods in Engineering at Swansea, there was a continual exchange of research visitors, and it was not unusual to find six to eight scholars, each an academic of substantial rank at his or her home institution, visiting the department at any given time. I subsequently spent the next 40 years at Swansea.
Zienkiewicz's stature in the field of finite elements is not only due to his scientific achievements but is also in no small measure a result of his extraordinary personality. As well as relishing academic debate with his peers, Olek was never happier than when discussing research issues with younger colleagues. One of his significant strengths was the ability to synthesize a particular research topic, extract the essential theoretical and computational features, and describe the resulting solution algorithms to students in a concise and transparent manner. In this way he provided countless engineers and researchers with the incentive and enthusiasm to participate in the exciting field of computational modelling. Over his research career, he supervised some 70 PhD students, many of whom today hold leading positions in academia and industry.
Olek's decision to spend his entire academic career at Swansea was undoubtedly influenced by his love of sailing (figure 4). Students and research visitors to Swansea were frequently roped in to act as crew, but all competitive instincts during a race would be quickly abandoned if a particularly interesting finite element discussion arose. He was gastronomically adventurous, especially with regard to fungi, in which his Polish ancestry made him particularly bold, and many friends and colleagues can bear witness to his love of oysters, which he consumed in large quantities at every conceivable opportunity. He had an extremely engaging nature and made countless friends during his extensive travels. A particular characteristic was his enquiring mind, which, combined with his formidable intellect, ensured that late-night discussions after dinner were far-ranging and challenging. Olek will be greatly missed by all who had the privilege to know and work with him over his long career.
It may be especially fitting to conclude with tributes from a few close friends and colleagues (J. T. Oden, T. J. R. Hughes, R. L. Taylor and E. Oñate, personal communications).
Since our first meeting at the Wright-Patterson conference, we had countless meetings around the world where we talked endlessly of technical problems. With the help of Dick Gallagher and others, we organised the International Association of Computational Mechanics, IACM, and elected Olek as its first president. This organisation later peeled off into many national and regional-affiliated associations, which really established the subject as a rich and independent discipline in its own right, and one that has had tremendous impact on all fields of science and engineering.
Olek and I were early visitors and lecturers in China. In the Spring of 1981 we taught a oneweek course along with Dick Gallagher, Ted Pian and Ed Wilson in Haifei, after which Olek led a delegation in an audience with the Minister of Education and the Minister of Defence. We discussed far-reaching issues on world problems and education far outside our realm of understanding or influence.
In the mid 1980s, Olek began a series of annual visits to the University of Texas at Austin to work with me on various projects involving finite elements. These visits continued until the mid 1990s and were a great attraction to students as well as Olek's professional friends in Texas. Included in our joint work were various versions of time-integration methods, the so-called 'hpcloud methods' and further development of the patch test, which led to long debates with Ivo Babuska as to its correct mathematical basis.
Only a week before his death, I called Olek to enquire about his health. He chatted about my ranch outside Austin, his friends in Texas and the times we had together. I profoundly miss him and will always cherish our times together.
J. Tinsley Oden I first met Olek at Berkeley. It was after I finished my PhD and I was doing post-doctoral work with Bob Taylor. Bob had spent his first sabbatical at Swansea in 1969-70 and Bob and Olek were already great friends. Olek took Bob and me to dinner at a French restaurant and he ordered a steak as he was wont to do. He was very emphatic that he did not want any sauce on it! He then lectured me at length about the horrors of destroying a good steak with sauce. (In many subsequent dinners with him, in various places, I heard this theme repeated many times. The crusade went on throughout his life.) I know we must have talked about many scientifically interesting subjects that evening, but all that I can remember is the soliloquy about steaks and sauces. I met Olek many, many times over the years and we became very good friends. The last time I saw him was in Sitges, Spain, in the summer of 2007. He could hardly walk and his vision was all but gone. Nevertheless, we had a very nice lunch in one of his favourite restaurants and an afternoon of pleasant conversation. Despite his physical frailty, his spirit was as strong as ever. My most vivid memory of that meeting concerned an issue with an international organisation that was somewhat vexing. We agreed about a certain course of action, but I remarked that you just could not do that. Olek replied, 'You can do anything you want!'
Olek made fundamental contributions to the development of the finite element method and tirelessly promoted it throughout the world. He was the leader of the field and his scientific impact was enormous. He was a vivacious human being and a friend and inspiration to all who knew him. He will always be on my mind and I will miss him very much.
Thomas J. R. Hughes
Working closely with Olek over my early research career was a pleasure and a privilege. During that period I got to know him well. I particularly appreciated the way he and his wife Helen were open to receiving PhD students like myself to their home, which was an important support to overcoming the difficulties inherent to research life abroad. On taking up an academic position at the Technical University of Catalunya (UPC), I began long-term cooperation with colleagues at Swansea University. In 1979 we held in Barcelona the first joint course on Introduction to the Finite Element Method. This course, on which Olek was invariably a lecturer [ figure 5 ], soon became a classic in Spain and was repeated for ten consecutive years. The period 1987-2007 was one of extraordinary activity for UPC and the scientific community in Spain, which was in no small part due to Olek's influence. Following his encouragement, the Spanish Association for Numerical Methods in Engineering (SEMNI) was created in 1989 and immediately became a member of the International Association for Computational Mechanics (IACM), which Olek, together with others, was instrumental in forming.
Olek's contribution to the development of international research at CIMNE during his tenure as UNESCO Professor was immense. He led research in many areas, and his enthusiasm for working with younger researchers in the department was especially appreciated. Olek had a large impact on the development of science in Spain and, in particular, at UPC. His presence will be very much missed, but the influence of his legacy and the memory of his friendship and support will always remain vivid in our minds.
Eugenio Oñate A characteristic of Olek was his ability to meet people at all levels of society. During his lifetime he met Royalty as easily as working class people-all with the same grace and charm. While visiting an art exhibition in Sitges he became interested in one particular sculpture. It did not take Olek long to learn that the name of the sculptor was Emilio Tristan, who lived in a nearby village. The next weekend he went to the village to meet Tristan. They subsequently became good friends and Tristan sculpted the bronze bust of Olek that now graces the Zienkiewicz Library at Swansea University. This legacy of the library and the bust can serve to remind us all of the great accomplishments of one of the truly great scholars of the twentieth century. Robert L. Taylor
